The inhibition effect of grieseofulvin against the mild steel corrosion in 1 M HCl solution has been investigated by potentiodynamic polarization measurements, electrochemical impedance spectroscopy (EIS) and quantum chemical methods. It was found thatgrieseofulvin acts as a good mild steel corrosion inhibitor in the acid solution at temperature ranging from 298-328 K. The potentiodynamic polarization study reveals that grieseofulvin acts as mixed type inhibitor. The adsorption of grieseofulvin on mild steel follows the Langmuir adsorption isotherm. Scanning electron microscopy equipped with energy dispersive spectroscopy (SEM-EDS) studies established that grieseofulvin formed a protective layer on the surface of mild steel.
Introduction
Mild steel corrosion inhibition is a matter of theoretical as well as practical importance which is an engineering material widely used in process industries, boilers, oil and gas, water pipelines, cooling water systems and refining and extraction etc. several acidic solutions are widely used in many industrial process such as acid cleaning, acid pickling, oil well acidizing and acid descaling. [1] [2] [3] These process generally leads to serious metallic corrosion. Use of an inhibitors is the sensible and most effective approach to protect the metal from corrosion. 4 Electronic characteristics and molecular structure of inhibitors molecules are the main factors in establishing the adsorption capability of inhibitors on metal surfaces. 5 The greater efficiency of these inhibitors is associated to the presence of various polar elements such as N, O, S and P in the organic molecules as well as pi electrons. [6] [7] [8] The presence of such hetero atoms with lone pair(s) of electrons and  electrons in the molecular structure increase the adsorption ability of inhibitor molecules on the metal surface. 9 The inhibitive effect of some antibacterial drugs namely cloxacillin, amoxicillin, ampicillin and flucloxacillin was studied. The corrosion inhibition mechanism of these drugs was attributed to blocking the metal surface by the formation of protective film. 10 Nowadays, various experimental and theoretical techniques have been developed to study the structural properties of inhibitor molecules and their activity towards metal surfaces, but quantum chemical calculations based on density functional theory (DFT) have led to an attractive theoretical method because it gives several vital parameters. A quantum chemical approach is adequately sufficient to forecast the inhibitor effectiveness.
The aim of the present study is to investigate the mild steel corrosion behaviour in 1 M HCl in the presence and absence of antifungal drug namely, Grieseofulvin which is the commercial name of 7-chloro-2',4,6-trimethoxy-6'-methyl-3H,4'H-spiro[1-benzofuran-2,1'-cyclohex [2] ene]-3,4'-dione. 11 The present study is carried out using the weight loss measurements, DFT, Tafel polarization, and electrochemical impedance techniques. Protective film formation against acid attack on metal surface was confirmed by Scanning electron microscopy equipped with energy dispersive spectroscopy (SEM-EDS). The activation energy and thermodynamic parameters (∆H* and ∆S*) of the inhibitor were investigated. Several commonly used adsorptions were also tested for their significance in defining the adsorption behaviour of the inhibitor. The chemical structure of the investigated inhibition is given in Fig.1 . and Cr (0.49) were used for electrochemical, weight loss and surface measurements. Before performing the experiments, the metallic specimens were cleaned with the help of emery papers of different grades, washed with distilled water, degreased with acetone and stored in moister free desiccators. The test solution of 1 M HCl was prepared by dilution of analytical grade HCl (Merck) with purified water obtained from Elix essential 10 millipore water purifier. During course of weight loss and electrochemical experiments, the concentration range of inhibitor was allowed to varied from 100-400 ppm.
Electrochemical measurements
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Potentiostat/Galvanostat electrochemical workstation (ESA300 USA) with three electrode cell assembly was used for impedance measurements. In cell assembly, saturated calomel electrode (SCE) served as reference electrode, and a bare mild steel electrode and platinum electrode were used as working and counter electrodes, respectively. The working electrode with exposed area 1cm 2 was kept in test solution for 30 minutes for attainment of steady open circuit potential (OCP) before electrochemical tests. The impedance measurements were performed in the frequency range from 100 kHz to 10 MHz with a.c.  10 mV and Nyquist plots were obtained. The potential range of  250 mV vs. corrosion potential at a scan rate of 1 mV s -1 was applied for polarization experiment in the same cell assembly.
Weight loss measurements
Weight loss measurements were performed at temperature ranging from 298-328 K with different concentration of inhibitor at the immersion period of 6h. After the 6h of immersion time the mild steel strips were picked out, cleaned and dried. Electronic balance (METTLER TOLEDO sensitivity up to 0.0001gm) was used for weigh the mild steel specimens. The corrosion rate (CR) in terms of weight loss was calculated according to equation (1): 12 (1) where A is the total area of metal specimen in cm 2 ,
W is the average weight loss in mg, and t is the exposure time (6h).
The % inhibition efficiency (η%) was calculated as given:
12 (2) where CR and CR(i) are the corrosion rates of the test specimens without and with the inhibitor respectively.
Surface analysis
Scanning electron microscope and energy dispersion x-ray spectroscopy (SEM-EDS ZEISS EVO SEM 18 model 20mm Detector equipped with INCA 250 EDS X-MAX 20 Detector Oxford) were used to study the surface morphology and surface composition of mild steel in 1 M HCl in the presence and absence of inhibitor respectively.
Quantum chemical study
Gaussian 09 (G 09) software package is used for quantum chemical calculation of grieseofulvin with geometrically optimised structure. 32 The backe's three parameters hybrid exchange functional and Lee-Yang-Parr non-local correlation function (B3LYP) as well as 3-21G basic set were employed for calculations. The theoretical parameters such as lowest unoccupied molecular orbital (LUMO) energies, highest occupied molecular orbital (HOMO) energies, energy gap ∆E (EHOMO-ELUMO) and dipole moment (μ) were calculated.
Result and discussion
Potentiodynamic polarization measurements
Potentiodynamic polarization curves for grieseofulvin in 1 M HCl solution with and without inhibitor at room temperature represented in Fig. 2 . Important kinetic parameters including corrosion potential (Ecorr), corrosion current density (icorr), and percentage inhibition efficiency (η%) from Tafel plots were calculated and given in Table 1 . The inhibition efficiency was calculated from the values of corrosion current density (icorr) which itself derived by extrapolating the linear segments of anodic and cathodic Tafel slopes, using the following relation:
where icorr and i i corr are the corrosion current densities without and with inhibitor, respectively. Table 1 shown that corrosion current density (icorr) of cathodic and anodic curves decreasesand inhibition efficiency increases as the inhibitor concentration increases in compared to blank 1 M HCl solution. The decrease in corrosion current density and increased inhibition efficiency suggests the adsorption of grieseofulvin molecules on the mild steel surface at the metal/solution interface. Adsorption of inhibitor molecules mitigates the corrosion process by forming the protective layer on the mild steel surface where direct corrosive attack occurs.
14 From the results depicted in Table 1 it can be seen that presence of inhibitor did not causes any significant change in the value of corrosion potential (Ecorr) suggesting that investigated inhibitor behaves as mixed type.
Electrochemical impedance spectroscopy (EIS)
EIS analysis is an important and complementary tool undertaken for the determination of corrosion rates. Nyquist and bode plots were represented in Figs. 3 and 4 with and without the inhibitor at temperature 298 K.It is concluded from Nyquist plots (Fig. 3) shows that the curves approximated by a single capacitive depressed semi-circles.
This displaying that the corrosion process in mild steel is controlled by charge transfer process. 15 Also, these impedance diagrams are not perfect, this features is related to inhomogeneity and frequency dispersion of metal as a result of surface roughness. 16 Fig . 5 represents the equivalent circuit model which is used to explain the impedance spectra for Nyquist plots in steel/acid solution interface. 17 In this equivalent circuit modal, Rct is charge transfer resistance, Rs is the solution resistance and CPE is a constant phase element. A constant phase element (CPE) is used instead of double layer capacitance (Cdl) for the description of a frequency phase shift between an applied potential and its current response. The double layer capacitance was replaced by the constant phase element (CPE), in order to obtain the representative fit. where n is CPE exponent (phase shift), Y0 is CPE coefficient, ω is the angular frequency and ωmax shows the frequency at which the imaginary component reaches the maximum.
Value of n can be associated with non-uniform current distribution, a distribution of reaction rates and roughness of electrode surface etc. 19 Depending on the value of n, CPE can represent capacitance (n = 1, Y0 =C), represent resistance (n=0, Y0 = R), Warburg impedance (n = 0.5, Y0 = W) or inductance (n=-1, Y0=L). Various electrochemical impedance parameters such as CPE, Rct, Rs, and n calculated using the nyquist plot. By using charge transfer resistance (Rct) values the %η were calculated following the equation below. x 100 (5) where Rct (inh) and Rct are the charge transfer resistances with and without inhibitor respectively. Corresponding values of EIS measurements shown in Table 2 . It is clear from Table 2 that grieseofulvin exhibits the highest inhibition efficiency of 92.22 % at the 400 ppm concentration of inhibitor.
Weight loss measurements
Variouscorrosion parameters such as corrosion rate (ρ), inhibition efficiency (% IE) and surface coverage (θ) were determined from gravimetric analysis data for mild steel in 1 M HCl solution with and without inhibitor of different concentrations (100-400 ppm). For the mild steel, the mean value of corrosion rate (mg cm -2 h -1 ) was determined for every concentration and inhibition efficiency was calculated using equations (1) and (2) respectively. Measurement performed in temperature ranging from 298-328 K after 6h of immersion period. The variation of corrosion rates and inhibition efficiency with temperature and inhibitor concentration for grieseofulvin is listed in Table 3 . From Table 3 it is observed that grieseofulvin exhibits its higher inhibition efficiency (94.35 %) at optimum concentration (400 ppm) of inhibitor. Better inhibition efficiency at optimum concentration of grieseofulvin may be attributed to more coverage of mild steel by inhibitor molecules. 21 Based on the above result grieseofulvin can be considered as a good corrosion inhibitor for mild steel in 1 M HCl solution.
Adsorption and thermodynamic consideration
The efficiency of inhibitor molecules as corrosion inhibitor can be considered as the adsorption of these molecules on the mild steel surface through their hetero polar atoms viz. P, O, N and S. 22 The experimental data have been tested with several adsorption isotherms namely Langmuir, Frumkin and Temkin to obtain information regarding the type and mode of adsorption of grieseofulvin. In present study the Langmuir adsorption isotherm fitted well and the isotherm is expressed by the mathematical equation given below:
where  is the surface coverage,
C is the inhibitor concentration in electrolyte and
Kads is equilibrium constant of the adsorption process which is related to the Gibbs energy of adsorption (∆Gads)according to given equation. where T is the thermodynamic temperature, K is the binding constant and R is gas constant. Table 4 . The higher negative values of ∆Gads suggests the spontaneity of the stability of the adsorbed film and adsorption process on the mild steel surface, 24 as well as strong interaction.
Effect of temperatures
Temperature has a great effect on the mild steel electrochemical corrosion rate in 1 M HCl. Many changes such as decomposition of the inhibitor, desorption of inhibitor and rapid etching may occur on the metal surface in different temperatures in the inhibitor solution. In case of metal corrosion in 1 M HCl solution, the rate of corrosion increases exponentially with temperature increases because the hydrogen evolution overpotential decreases. 25 Apparent activation energy (Ea), can be calculated from the values of corrosion rate obtained from weight loss measurement and applying the Arrhenius equation. where CR is the corrosion rate, Ea is the activation energy, A is the frequency factor, R is the gas constant (8.314 J K -1 mol -1
) and T is the absolute temperature.
The slope of log ρ versus 1/T K -1 (K) plots for mild steel with and without inhibitor is presented in Fig. 7 and corresponding parameters were given in Table 5 . Usually Ea values with inhibitor (100-400 ppm) are higher than that of without inhibitor. These increased values of Ea indicating a strong inhibitive action of grieseofulvin by increasing the energy barrier for the metal corrosion process. The enthalpy of activation (∆H*) and entropy of activation (∆S*) in 1 M HCl solution for the mild steel corrosion were obtained by applying the transition-state equation: 12 (9) where ∆H* is the enthalpy of activation, ∆S* is the entropy of activation, ρ is the corrosion rate, h is plank's constant (6.626176 x 10 -34 ), R is gas constant and N is the Avogadro's number. The enthalpy of activation ∆H* showed similar trend like the apparent activation energy values i.e. values increases as inhibitor concentration increases. The entropy of activation energy ∆S* values is more negative in the absence of inhibitor than the presence of inhibitor, indicates the activated complex is more ordered in uninhibited solution. The less negative values of ∆S* suggest the driving force for the adsorption process on metal/solution interface.
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Surface (SEM-EDX) analyses
The formation of protective layer by inhibitor and elements present on the mild steel surface were confirmed by SEM and EDX analysis. These analyses were performed before and after the exposure to the acidic solution in the absence and presence of inhibitor and represented in Figs. 9 and 10 respectively. Figure 9a represents the surface morphology of polished mild steel coupon exhibit smooth and homogeneous surface. Whereas Fig. 9b and 9c reveals the mild steel samples in the absence and presence of inhibitor respectively. Specimen in the uninhibited solution is highly damaged due to direct acid attack (Fig. 9b) and mild steel surface is not as damaged as in the case of uninhibited acidic solution shown in Fig. 9c . This reveals the protective layer formation of inhibitor on mild steel surface thus protecting it from direct corrosive attack. 29 EDX analysis was performed in order to get information regarding the elemental composition of mild steel surface in the presence and absence of grieseofulvin in 1 M HCl solution. The EDX spectra and corresponding values of elementals composition (wt%) shown in Fig. 10 and Table 6 respectively. The EDX data in Table 6 shows that the mild steel surface in the absence of inhibitor show a higher chloride content of due to corrosive attack of hydrochloric acid (Fig. 10b) whereas metal in inhibited solution shows the lower chloride content of (Fig. 10c) . SEM-EDS analysis further conform the adsorption of grieseofulvin molecules on the mild steel surface and decrease the corrosion rate. 30 .
Quantum chemical analysis
Quantum chemical calculations were performed in order to study the molecular structure of grieseofulvin on the inhibition efficiency by using density functional theory (DFT). Various electronic properties such as the energy of lowest unoccupied molecular orbital (ELUMO), energy of highest occupied molecular orbital (EHOMO), and energy gap (∆E) between the LUMO and HOMO, global hardness (ϒ), softness (σ), and dipole moment (μ) were determined by optimizing the structure. The optimized structure, lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO)of grieseofulvin are shown in Fig.11 (a, b & c) .
Corresponding values of parameters are given in Table 7 . The calculated frontier molecular orbital (FMO) properties for grieseofulvin is given in Table 7 . Higher value of EHOMOof molecule indicates the higher electron donating ability of inhibiting molecule to appropriate acceptor molecules. Consequently, an increased EHOMOvalue reveal good adsorption ability of inhibitor on the metal surface. Lower ELUMOvalue of molecule measures its greater ability to accept the electrons. 
Conclusion
Grieseofulvin exhibits good anticorrosive property towards the mild steel in 1 M HCl solution at studied temperatures (298-328K). Potentiodynamic polarization measurements reveals the mixed type inhibition property of grieseofulvin. Impedance analysis shows that grieseofulvin reducing the rate of charge transfer process by forming 
